CTnDOT is a conjugative transposon (CTn) that is found in many Bacteroides strains. Transfer of CTnDOT is stimulated 100-to 1,000-fold if the cells are first exposed to tetracycline (TET). Both excision and transfer of CTnDOT are stimulated by TET. An operon that contains a TET resistance gene, tetQ, and two regulatory genes, rteA and rteB, is essential for control of excision and transfer functions. At first, it appeared that RteA and RteB, which are members of a two-component regulatory system, might be directly responsible for the TET effect. We show here, however, that neither RteA nor RteB affected expression of the operon. TetQ, a ribosome protection type of TET resistance protein, actually reduced operon expression, possibly by interacting with ribosomes that are translating the tetQ message. Fusions of tetQ with a reporter gene, uidA, were only expressed at a high level when the fusion was cloned in frame with the first six codons of tetQ. However, out of frame fusions or fusions ending at the other five codons of tetQ showed much lower expression of the uidA gene. Moreover, reverse transcription-PCR amplification of tetQ mRNA revealed that despite the fact that the uidA gene product, ␤-glucuronidase (GUS), was produced only when the cells were exposed to TET, tetQ mRNA was produced in both the presence and absence of TET. Computer analysis of the region upstream of the tetQ start codon predicted that the mRNA in this region could form a complex RNA hairpin structure that would prevent access of ribosomes to the ribosome binding site. Mutations that abolished base pairing in the stem that formed the base of this putative hairpin structure made GUS production as high in the absence of TET as in TET-stimulated cells. Compensatory mutations that restored the hairpin structure led to a return of regulated production of GUS. Thus, the tetQ-rteA-rteB operon appears to be regulated by a translational attenuation mechanism.
Many Bacteroides strains carry conjugative transposons (CTns) that are closely related to a CTn called CTnDOT (25, 29, 39 ). An interesting and unusual feature of many members of the CTnDOT family is that the antibiotic tetracycline (TET) stimulates both excision of the CTn from the chromosome and conjugal transfer of the excised element (24, 31, 34) . In fact, without TET stimulation of donor cells, virtually no transfer occurs (33, 38) . Previous studies identified a central regulatory region on CTnDOT that is required for TET induction of transfer functions. This region contains a three-gene operon that consists of the TET resistance gene tetQ and two regulatory genes, rteA and rteB ( Fig. 1) (29, 34) . RteA and RteB are most closely related to the sensor and response regulator components, respectively, of two-component regulatory systems. RteA presumably activates RteB, and activated RteB stimulates the expression of a nearby gene, rteC, which is also required for expression of excision and transfer genes (32) (33) (34) 38) (Fig. 1) .
The regulatory cascade mediated by RteA, RteB, and RteC is not, however, the first step in TET stimulation of CTn transfer. Expression of the tetQ-rteA-rteB operon itself is controlled by TET. In an earlier study, it was reported that a fusion of tetQ to the reporter gene uidA produced a fusion (pAGF22) whose expression was stimulated by TET (33) . The mechanism of this stimulation was not investigated. In a separate study, Bayley et al. (1) compared the sequences of the upstream regions of several Bacteroides genes, including tetQ, and tentatively identified consensus promoter sequences. They also mapped the transcript start sites of these genes and showed that the consensus promoter sequences were located at Ϫ7 and Ϫ33 relative to the transcript start site, but they did not investigate further the regulatory regions of any of the genes they compared (1) . In this report, we provide the first detailed analysis of the tetQ promoter region and provide evidence that TET regulation of the operon is mediated by a translational attenuation mechanism.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH5␣ MCR or DH10B was grown in Luria broth or on Luria agar. Bacteroides strains were grown in chopped meat (Remel) for subculture or in Trypticase-yeast extractglucose media (15, 26) . The Bacteroides thetaiotaomicron 5482 strains BT4001 and BT4100 are spontaneous rifampin and thymidine auxotrophic mutants, respectively. Strain BT4004 has CTnERL in the chromosome of BT4001. Strain BT4107 has CTnDOT in the chromosome of BT4100. The antibiotic concentrations used were as follows: ampicillin, 100 g/ml; cefoxitin (FOX), 20 g/ml; chloramphenicol (CHL), 10 g/ml; erythromycin (ERY), 10 g/ml; gentamicin (GEN), 200 g/ml; rifampin, 10 g/ml; trimethoprim, 100 g/ml. TET was used to select for transconjugants at 3 g/ml and for maximum induction of CTn activity at 1 g/ml. Thymidine was added to a final concentration of 100 g/ml.
Construction of fusions. To localize the region needed for regulated expression from the Pq promoter, a nested set of the Pq promoter region segments, generated by PCR, were fused to the uidA reporter gene. The PCR products were each purified with the Promega Wizard DNA clean-up kit. Primers used in this study are listed in Table 2 . The forward primers contained an SphI site. The downstream primers contained either an HincII or an SspI site located at the sixth amino acid of tetQ. PCR products were digested by SphI-HincII or SphISspI and cloned into the SphI-SmaI site of pMJF2, upstream of the uidA reporter gene (8) . This placed the tetQ 5Ј end in frame with the ATG start codon of the uidA gene. The resulting plasmids were first transformed into the E. coli DH10B strain and then transferred by conjugation to a Bacteroides recipient. In other experiments, transcriptional fusions were made by the same strategy except that 1 bp was missing from the restriction site, putting the 5Ј end of tetQ out of frame with uidA.
DNA sequencing was performed by the University of Illinois Biotechnology Genetic Engineering Facility with an Applied Biosystems model 373A, version 2.0.1A, automated dye terminator. Primers were synthesized by the University of Illinois Biotechnology Genetic Engineering Facility or by Operon Technologies, Inc. (Alameda, Calif.).
Triparental matings. pMJF2::Pq clones were moved into Bacteroides strains via triparental matings. In each case, the two donors were (i) E. coli DH10B, which contained the pMJF2::Pq derivative to be tested, and (ii) E. coli HB101, which contained the IncP␣ plasmid RP1. RP1 cannot replicate in Bacteroides spp., but it does mobilize E. coli-Bacteroides vectors from E. coli donors to Bacteroides recipients. Matings were done on nitrocellulose filters as described previously (30) . For the pMJF2-based clones, the transconjugants were selected on GEN (200 g/ml)-ERY (10 g/ml) plates. For the pTC-COW-based clones, the transconjugants were selected on GEN (200 g/ml)-CHL (10 g/ml) plates. For the pLYL05-based clones, the transconjugants were selected on GEN (200 g/ml)-FOX (20 g/ml) plates.
GUS assay. The uidA reporter gene on pMJF2 encodes an E. coli ␤-glucuronidase (GUS). GUS assays were done by the procedure of Feldhaus et al. (8) . One unit was defined as 0.01 A 415 U per min at 37°C. Protein concentrations were determined by the method of Lowry et al. (18) . All the GUS activities in this study are the average activities of the results from at least three different transconjugants.
Site-directed mutagenesis. Site-directed mutagenesis was done to test the importance of a possible hairpin structure identified in the DNA sequence. Site-directed mutagenesis was done by the Stratagene QuikChange method. PCR products were treated with DpnI for 3 h, and then 5 l of the reaction mixture was used to transform E. coli DH10B. Each Pq region mutation was confirmed by sequencing. The Pq mutation was isolated on an SphI-HincII fragment from the vector and cloned into the SphI-SmaI site of pMJF2 to create a translational fusion.
RNA secondary structure prediction. Predictions of RNA secondary structure and calculations of free energies were determined through the MFOLD, version 3.1, program of M. Zuker (http://www.bioinfo.rpi.edu/applications/mfold/old /rna/form1.cgi).
RT-PCR. BT4107, which contains a copy of wild-type CTnDOT in the chromosome, was grown in VPI broth without TET treatment or with TET treatment (1 g/ml). Total RNA was isolated with the Trizol reagent (Invitrogen) and was dissolved in 30 l of RNA resuspension solution (Ambion). All samples were treated with DNase I (Ambion) to eliminate DNA contamination before using the RNA samples for reverse transcription (RT)-PCR. DNase I-treated RNA samples (1 l of a 1-ng/l preparation) served as a template in each reaction (25-l final volume per reaction). The RT-PCR kit (Promega) was used as described in the manufacturer's directions. The amplified products were electrophoresed on a 1% agarose gel. The forward primer P9 was located Ϫ124 bp upstream of the tetQ start codon, and the reverse primer RTtetQ-R1 was located at ϩ450 bp within the tetQ gene ( Table 2 ). The amplified product is 574 bp long.
RESULTS
Translational fusion versus transcriptional fusion with uidA gene. A function map of the conjugative transposon CTnDOT is shown in Fig. 1A , and an enlargement of the Pq-tetQ-rteArteB-rteC region is shown in Fig. 1B . In initial experiments to define and characterize the tetQ promoter region, different lengths of the tetQ upstream region were cloned into pMJF2 to construct pTUG1, pTUG3, and pTUG10 (Fig. 2) . The cloned Pq regions started from different positions upstream of tetQ, but all were thought to end at the same nucleotide in the blunted EcoRI site that falls at the sixth amino acid of TetQ. These pMJF2::Pq constructs were then moved into BT4004, which contained a copy of CTnERL (CTnDOT minus the ermF region) (37) . Surprisingly, the strain containing pTUG3 exhibited a much higher GUS activity and increase than the strains containing pTUG1 and pTUG10 (Fig. 2) .
Sequencing of the Pq region in pTUG3, pTUG1, and pTUG10 revealed that one extra nucleotide was missing in pTUG3 at the junction with the reporter gene. Thus, the ATG of tetQ was shifted so that it was in frame with the ATG of the uidA gene, forming a translational fusion. The cloned Pq regions in pTUG1 and pTUG10 were both out of frame with the uidA gene. This indicated that the high GUS activity of the strain containing pTUG3 had resulted from its being a translational rather than a transcriptional fusion, but it was also possible that the extra upstream sequences in pTUG10 or the decreased upstream DNA in pTUG1 were influencing the GUS expression.
To test the hypothesis that the in-frame fusion was responsible for the high activity associated with pTUG3, we made two other constructs, pTUG11 and pTUG12. Both constructs started 700 bp upstream of the start codon of tetQ, but the fusion in pTUG11 generated an in-frame fusion with the uidA gene, whereas the fusion in pTUG12 generated an out of frame fusion with the uidA gene. The results confirmed that only those constructs that had in-frame fusions were associated with high GUS activity and the higher TET induction effect (Fig. 2) . Accordingly, unless mentioned specifically, in-frame fusions were used which included the first 6 amino acids (aa) of TetQ in subsequent experiments.
Except for tetQ, no other genes from the CTn have any effect on TET regulation of the tetQ operon. To determine whether any genes from CTnDOT are involved in TET regulation of ther genes outside the central regulatory region (QABC) nor the rteA-rteB-rteC genes in the central regulatory region were essential for TET regulation of the tetQ operon expression. We also noted that the expression of the reporter gene was ap- proximately fourfold lower when the QABC region was provided on a plasmid that had a copy number of 5 to 10 than it was if the QABC region was provided in single copy in the chromosome (BT4001⍀QABC). This effect might have been due to the presence of multiple copies of Pq (5 to 10 copies per cell), which led to titration of some host factors, or it could have been due to increased production of TetQ. TetQ is a ribosome protection-type resistance protein that is thought to interact with ribosomes and modify them so that they no longer bind to TET (3, 6) . The first possibility was ruled out because when Pq was coresident in the strain that also contained the fusion plasmid, there was no effect on the level of GUS activity. The second possibility was supported by the MIC experiments, which showed that an increase in the copy number of tetQ was associated with a higher MIC, indicating that more TetQ protein was produced in these strains and was affecting the ribosomes (Fig. 3) . If TetQ causes lower GUS expression, we would expect that GUS activity would rise further in cells that did not contain tetQ. To test this, we compared the GUS activity of a strain that had no copy of tetQ with that of a strain that contained one copy of tetQ in the chromosome (Fig. 4A) . The MIC of TET for BT4001(pTUG3), which contained no tetQ gene, was 0.12 g/ml, so both strains were exposed to concentrations of TET ranging from 0 to 0.10 g/ml. At 0.10 g/ml of TET, the GUS production with tetQ in the strain was 480 U/mg compared to 3,800 U/mg in the absence of tetQ (Fig. 4A) .
Induction can be mediated by other ribosome-binding antibiotics. The target of TET is the 30S subunit of the ribosome (5, 11) . To test whether other ribosome-targeting antibiotics can also induce GUS expression, ERY, lincomycin (LIN), and CHL were tested as putative inducers. All of these antibiotics are protein synthesis inhibitors that bind to bacterial ribosomes. ERY and LIN block the ribosome exit tunnel, thereby preventing movement and release of the nascent peptide (28) , and CHL inhibits peptidyl transferase activity (22, 28) .
Previously, ERY was tested to determine whether it can stimulate the transfer of CTnDOT, like TET does. Conjugation experiments were done between BT4107 and BT4001, but the transfer frequency of CTnDOT was similar under different ERY concentrations, indicating that ERY does not function as an inducer (unpublished data). Since CTnDOT contains an ermF gene, which encodes a methylase, ErmF, it was also possible that the methylated ribosomes prevent the ERY induction activity. In this experimental design, no gene which encodes Em r , Lc r , or Cm r was included in the strain. pYP67, which contains the Pq-uidA fusion in a vector that carries a FOX resistance gene, was used in this experiment because FOX does not affect ribosome function (9) . BT4001(pYP67) was induced with low levels of these antibiotics individually. The GUS expression could be induced by LIN and ERY (Fig. 4B) . LIN (0.2 g/ml) caused a 10-fold induction, and ERY (0.1 g/ml) caused a 3-fold induction. By contrast, CHL did not induce expression at all (Fig. 4B) . These results provide further support for the hypothesis that ribosomes are involved in the induction mechanism.
Localization and initial characterization of the tetQ regulatory region. By deleting DNA from the upstream region of tetQ, we were able to narrow down the location of Pq to within 209 bp of the start codon of tetQ (Ϫ209) (Fig. 5A) . The location of the transcription initiation site (TIS) identified by Bay- Our genetic results agree with this location of the promoter and also indicate that this promoter is the only promoter of tetQ by showing that the activity was abolished in strain pYP64 in which the Ϫ7 region was mutated (Fig. 5 ).
There is a 130-bp segment of mRNA between the transcription start site and the first possible start codon of tetQ. Computer analysis of the RNA sequence in this region revealed a complex hairpin structure that included the region immediately upstream of the start codon of TetQ. Such a structure might prevent ribosomes from binding the ribosome binding site (RBS). Although in Bacteroides, no consensus RBS has been identified so far, it is found to be usually located within 20 bp upstream of the following gene based on alignment of known Bacteroides genes (35) . If a form of translational attenuation was responsible for controlling operon expression, we would expect that tetQ mRNA would be produced both in the absence and in the presence of TET. RT-PCR, with primers that amplified a portion of tetQ mRNA (P9 and RTtetQ-R1) ( Table 2 ), demonstrated that mRNA was produced even in the absence of TET stimulation, at levels comparable to those seen in TET-stimulated cells (Fig. 6) . Since this finding supported the hypothesis that regulation was mediated by a translational attenuation mechanism, we focused our attention on the region between the transcription start site and the start codon of tetQ, the putative leader region.
There are two possible start codons for the tetQ gene. One is an ATG at position 0 ( Fig. 5B and 7) . There is also a GTG 48 bp upstream of the ATG codon. Since the location of the start codon is important if regulation is mediated by an attenuationtype mechanism, a Pq-uidA in-frame fusion was made to each of these codons. There was no detectable GUS activity from the strain in which the Pq region ends at GTG (strain pTUG13-in3), whereas the strain in which Pq ends at the ATG exhibited TET-induced GUS activity (pTUG13-in2) (Fig. 7) . Thus, ATG, rather than GTG, is the start codon of tetQ. This was confirmed by introducing two stop codons between GTG and ATG in strain pYP48. TET-regulated GUS activity was still seen in extracts from this strain (Fig. 7) .
The GUS activity of the strain containing the fusion to the ATG start codon (pTUG13-in2) was 11-to 16-fold lower than that of the strain containing the first 6 aa of TetQ (pTUG13-in1). This was true for cells grown either with or without TET stimulation. The increases in GUS activity, however, were similar in both cases (30-to 50-fold). To test how the 6 aa made this difference, a series of fusions were made in which the Pq regions start at the same site (Ϫ333 bp) but each ends at a different one of the 6 aa. GUS activity of all these strains showed similar TET induction (30-to 50-fold), but the absolute value increased with each additional amino acid. Thus, the difference is probably due to an effect of the extra 6 aa on the stability of the hybrid TetQ-GUS protein. It is also possible that either the bases in that sequence are important for efficient translation initiation or that decoding of those six codons is more efficient.
Involvement of possible RNA hairpin structure in regulation of tetQ operon. The predicted secondary structure of the mRNA from Ϫ130 to ϩ4 is shown in Fig. 8 . The program used to predict this structure was developed by M. Zuker et al.
(http://www.bioinfo.rpi.edu/applications/mfold/old/rna/form1 .cgi). All of the mutations used to test the importance of this predicted structure in TET regulation are shown in Fig. 8 . pTUG15-in1 is a strain containing a fusion with the wild-type Pq region. The Pq region in plasmids pYP48 and pYP85 has point mutations on Hp8, the hairpin that would be formed by sequences Hp1 and Hp8 was partially disrupted, and the basal levels of GUS activity of these two strains are higher than that of the wild-type strain (Fig. 8A) . In pYP54 and pYP86, the hairpin that would be formed by sequences Hp1 and Hp8 was partially disrupted by changing U to A or UAU to AUA on Hp8 (Fig. 8B) . The uninduced levels of GUS activity associated with these mutations were 4-and 25-fold higher, respectively, than the activity in extracts from the strain with the wild-type Pq region. In pYP81 and pYP116, the stem was reestablished by changing the corresponding nucleotides on , and CHL (0 to 0.5 g/ml). pYP67 contains the Pq-uidA fusion in a vector that carries a FOX resistance gene.
Hp1 to complementary nucleotides. In strains containing these constructs, the GUS activity returned to that of the strain with the wild-type Pq region. In strain pYP161, when the stem was completely disrupted by changing 5 of 12 nucleotides in Hp8, TET induction was abolished completely and expression was nearly constitutive (Fig. 8B) . This result suggests that the hairpin formed by Hp1 and Hp8 is responsible for the full TET induction activity.
In mutant Del Hp1 (pYP220), 11 nucleotides in Hp1 were deleted, and this mutant showed a constitutively high level of GUS expression both without TET and under TET-induced conditions (1,054 and 1,099 U/mg, respectively). These data further support our conclusion that the hairpin formed by Hp1 and Hp8 is responsible for the full TET induction and that disruption of this hairpin caused the release of the RBS in Hp8 and the efficient expression of the downstream gene(s) (Fig.  8B ).
DISCUSSION
Our results support a translational attenuation-type regulation of the tetQ-rteA-rteB operon in response to TET. RT-PCR analysis showed that a similar amount of the mRNA from this operon is made regardless of whether TET is present. This result rules out another possible model for attenuational control of gene expression, the binding of TET to a structure in the mRNA itself in such a way as to cause antitermination (12) (13) (14) . In the case of an antitermination type of control, the concentration of tetQ mRNA should have been much higher under inducing conditions. Although tetQ mRNA was made both in the presence and absence of TET stimulation, translation of the message, as indicated by GUS activity, was much higher in TET-stimulated cells than in cells not stimulated by TET. This observation, taken together with the fact that a translational fusion with uidA was responsible for much higher activity and a higher increase in TET-stimulated cells than a transcriptional fusion in the same locus (Fig. 2) , supports the hypothesis that regulation occurs at the level of translation rather than transcription. There appeared to be slightly more tetQ mRNA produced in TET-treated cells than in untreated cells (Fig. 6) . Also, expression of the transcriptional fusion was slightly higher in TET-treated cells. Some antibiotics, including TET, are known to increase the stability of mRNA (2, 7, 27, 36) . Thus, it is possible that the apparent increased mRNA level in cells growing in the presence of TET could be due to this type of stabilization rather than to a second stage of regulation at the transcriptional level. Whatever the reason, the increase in TET-treated cells is not nearly high enough to explain the enhancement of GUS activity in TET-treated cells carrying the translational fusion.
Further evidence for translational attenuation came from mutagenesis experiments that were guided by the observation that a hairpin structure could form in the leader region of the mRNA. The predicted hairpin structure was complex. It consisted of a stem composed of Hp1 and Hp8 sequences and intervening sequences Hp2 to Hp7, which could also form hairpin structures. Since Hp8 presumably included an RBS, the Hp1 to Hp8 stem seemed most likely to be involved in regulation. Site-directed mutations that disrupted the Hp1 to Hp8 stem of this hairpin structure made production of the fusion protein as high or nearly as high in the absence of TET as in the presence of TET. Compensating mutations that restored the hairpin structure but changed the sequences of Hp1 and Hp8 restored regulation of protein production. Thus, it appears that the structure of the mRNA is important for TET regulation of protein production from the operon message.
Our finding that ERY and LIN, two other protein synthesis inhibitors, also stimulated higher GUS production supports the contention that the rate at which ribosomes bind the mRNA and move along it might be an important factor in regulation. A finding that argues against this hypothesis, however, is that CHL, another protein synthesis inhibitor, had no stimulatory effect on the production of operon-encoded proteins. Thus, if the rate of ribosome movement along the mRNA is a factor in regulation, CHL must be having some effect on the ribosomes that is different enough from that of TET, ERY, and LIN to explain this difference. It is clear that CHL is capable of participating in translational attenuation because some CHL resistance genes are regulated by a translational attenuation mechanism (17, 23) .
If ribosomes are involved in regulation, rather than having a regulatory effect due to binding of TET to a structure in the mRNA, a nontoxic analog of TET ought to be unable to FIG. 7 . Determination of the start codon of the tetQ gene. The Pq regions in all five of the constructs start from Ϫ333 bp upstream of tetQ, but each ends at a different position. The Pq region in pTUG13-in3 ends at the GTG putative start codon of tetQ. In pTUG13-in2, the ATG start codon was fused to the uidA gene. In both pTUG13-in1 and pYP48, the Pq region ends at the sixth amino acid of TetQ and was fused to the uidA gene. The Pq region in pYP48 is the same as that in pTUG13-in1 except that two stop codons, which are indicated by a circle, were put between GTG and ATG, their exact positions are shown in Fig. 8A . Tc, TET. increase GUS production. To test whether TET analogues can cause induced GUS expression, two nontoxic forms of TET, anhydrotetracycline and autoclaved chlorotetracycline, were tested as inducers. Neither of these caused increased production of GUS activity at levels similar to the level of TET used in induction experiments (Ͻ10 g/ml; unpublished data). Autoclaved chlorotetracycline could act as an inducer at very high concentrations (200 g/ml), but at this concentration, the growth rate of the cells was slowed considerably. This effect could be explained if some intact chlorotetracycline survived autoclaving and was the molecule actually responsible for the induction.
A possible model that explains all of our results is that the effect of TET is to cause ribosomes to move more slowly along the leader sequence and that, in some way, this altered mobility of the ribosomes causes the Hp1 to Hp8 stem of the hairpin to be disrupted, thus exposing the RBS of tetQ so that tetQ mRNA can be translated. Analyzing the leader region with a folding program revealed only the RNA structure shown in Fig. 8 . There was no evident alternate stem-loop structure such as is seen in many attenuation systems (17, 19, 20) . In this respect, our results are most similar to those of Rogers et al. (23) , who found only a single complex RNA structure in the leader region of the catB gene of Agrobacterium tumefaciens. How such a structure interacts with ribosomes in such a way as to disrupt the structure is unknown. Rogers et al. (23) identified a possible 10-aa leader peptide whose coding sequence extended into the base of the stemloop structure. Analysis of the tetQ leader region in the vicinity of the hairpin structure revealed only two possible peptideencoding sequences. One could encode a 3-aa peptide. The sequence of this short peptide overlaps with the base of one side of the hairpin (HP1). The other possible peptide is 16 aa long and is encoded by sequences that lie within the region between Hp1 and Hp8. This sequence does not extend into the Hp1 to Hp8 hairpin on either side and thus is unlikely to play the role of a leader peptide. If GTG is allowed as a start codon, there is a third possible peptide that starts within Hp6 and extends into Hp8. Further work is needed to determine whether any of these putative peptides is involved in attenuation. The role of the sequences between Hp1 and Hp8 also remains to be determined.
Production of RteA and RteB, the other proteins encoded in the tetQ-rteA-rteB operon, should be regulated similarly to production of TetQ. That is, the proteins are produced at detectable levels only when cells are stimulated with TET (unpublished results). Since rteA and rteB have been shown to be in the same operon as tetQ, production of these proteins is presumably due to translational coupling once ribosomes begin to translate the operon mRNA. Our results show clearly that RteA and RteB have no role in TET regulation of operon expression. This was somewhat surprising because RteA and RteB are both essential for CTn excision and transfer functions and resemble components of a two-component regulatory system. Evidently, RteA, the putative sensor protein, is sensing something other than TET.
TetQ was not required for TET stimulation of GUS production, but its presence did have an effect. It actually reduced production of the GUS fusion protein compared to cells that contained no tetQ gene. Moreover, increased levels of TetQ due to increased copy numbers of tetQ caused a greater decrease in protein production. TetQ is a ribosome protection type of TET resistance protein, which is most closely related to elongation factor G. TetQ, presumably like Tet(O) (6), modifies ribosomes so that TET no longer binds as efficiently. The fact that a higher intracellular concentration of TetQ increased the MIC and further decreased translation of operon mRNA suggests that one copy of tetQ is not sufficient to protect all of the ribosomes in the cell. The modulating effect of TetQ on translation may be a means for the cell to limit the production of RteA and RteB and thus the amount of CTn excision and transfer that occurs. Excision of CTnDOT is apparently not a lethal event because the chromosomal site from which the CTn is excised is resealed in the process (4), but too much activity of this sort could have some deleterious effect on fitness that could be important in an environment as competitive as the human colon.
Previously, translational attenuation has been found in the proteobacteria and in the gram-positive bacteria. Finding evidence for this type of regulation in Bacteroides species extends it to a third phylogenetic group, an indication that it is more universal as a regulatory strategy than was previously thought to be the case. It is interesting that so far translational attenuation has been associated almost exclusively with the regulation of antibiotic resistance genes. This focus could be due to the fact that the antibiotics involved target ribosomes, but it could also be due to the fact that this type of regulation has not been considered in other areas, such as the study of slowgrowth conditions where ribosomes are also affected. This is the first report of translational attenuation that affects regulatory genes. Preliminary evidence indicates that the excision of CTnDOT, which is controlled by RteA and RteB, might also be regulated in a growth-phase-dependent manner (N. B. Shoemaker, G.-R. Wang, and A. A. Salyers, unpublished data). If so, translational attenuation may affect genes other than antibiotic resistance genes.
